Defective homologous recombination (HR) DNA repair imposed by BRCA1 or BRCA2 deficiency sensitizes cells to poly (ADP-ribose) polymerase (PARP)-1 inhibition and is currently exploited in clinical treatment of HR-deficient tumors. Here we show that mild hyperthermia (41-42.5°C) induces degradation of BRCA2 and inhibits HR. We demonstrate that hyperthermia can be used to sensitize innately HR-proficient tumor cells to PARP-1 inhibitors and that this effect can be enhanced by heat shock protein inhibition. Our results, obtained from cell lines and in vivo tumor models, enable the design of unique therapeutic strategies involving localized ondemand induction of HR deficiency, an approach that we term induced synthetic lethality.
Defective homologous recombination (HR) DNA repair imposed by BRCA1 or BRCA2 deficiency sensitizes cells to poly (ADP-ribose) polymerase (PARP)-1 inhibition and is currently exploited in clinical treatment of HR-deficient tumors. Here we show that mild hyperthermia (41-42.5°C) induces degradation of BRCA2 and inhibits HR. We demonstrate that hyperthermia can be used to sensitize innately HR-proficient tumor cells to PARP-1 inhibitors and that this effect can be enhanced by heat shock protein inhibition. Our results, obtained from cell lines and in vivo tumor models, enable the design of unique therapeutic strategies involving localized ondemand induction of HR deficiency, an approach that we term induced synthetic lethality.
anti-cancer treatment | RAD51 | double-strand break M any anti-cancer therapies are based on cytotoxicity of DNA double strand breaks (DSBs) induced by ionizing radiation or, indirectly, by chemical agents. However, efficient DSB repair mechanisms protect cells from the genotoxic effects of DSBs, thereby reducing the effectiveness of the therapies. Two major pathways are involved in DSB repair in mammalian cells: homologous recombination (HR) and nonhomologous end joining (NHEJ). HR uses intact homologous DNA sequences, usually the sister chromatid in postreplicative chromatin, to faithfully restore DNA breaks (1) , whereas NHEJ operates throughout the entire cell cycle and does not require a DNA template (2) . Agents inhibiting DNA repair processes potentiate the cytotoxicity of DSBs in cancer therapy (3) . Elevated temperature is one such agent that, via unclear mechanisms, interferes with multiple pathways of DNA repair (4) (5) (6) and is clinically applied (7) .
Results
To investigate if HR, among other processes and DSB repair pathways, is influenced by elevated temperature, we used an isogenic set of mouse embryonic stem (ES) cells that are either HR proficient (wild-type) or HR deficient (Rad54 −/− ) due to the disruption of the Rad54 gene, which is important for HR activity (1) . We compared radiosensitization of these cells by incubating them at 37°C or 41°C before irradiation. For this and subsequent experiments we chose temperatures below 43°C, because they are relevant in clinical practice (8) . Interestingly, we observed that wild-type but not Rad54 −/− cells were radiosensitized by preincubation at 41°C compared with cells incubated at 37°C (Fig.  1A) . Similarly, HeLa cells, in which the important HR factors XRCC3 or BRCA2 were down-regulated using siRNA, were refractory to further temperature-mediated radiosensitization (Fig.  1B and Fig. S1 ). These results suggest that elevated temperature inactivates HR. To directly measure the effect of temperature on HR, we quantitated HR-mediated gene targeting in ES cells (9) and found that the efficiency of gene targeting was significantly reduced by preincubation at 41°C compared with 37°C (Fig. 1C) . Similarly, preincubation at 41°C reduced the frequency of spontaneous and mitomycin C-induced sister chromatid exchanges in SW-1573 cells (Fig. S2A) , which are to a large extent mediated by HR (10) .
The majority of DSB repair-related proteins accumulate at sites of DSBs, forming so-called ionizing radiation-induced foci (IRIF) (11) . This accumulation is crucial for proper functioning of repair mechanisms, because disturbed formation of IRIF is associated with repair deficiencies and genome instability (1) . To pinpoint the temperature-induced defect(s) in the HR pathway, we examined formation of IRIF by a range of DSB repair factors at α-particle induced DSBs (12) in U2OS cells incubated at 37°C or 41°C for 60 min before irradiation ( Fig. 2 A and B and Fig. S2 ). Early in HR, the ends of DSBs are resected in a reaction involving the MRE11/RAD50/NBS1, CtIP, and BRCA1 complexes (13, 14) generating single-stranded DNA stretches, which are subsequently coated by RPA (1). MRE11 and replication protein A (RPA) efficiently accumulated at DSB sites regardless of whether the cells had been incubated at 41°C (Fig. 2 A and B) , suggesting that DSB end resection is unaffected by heat. In subsequent steps of HR, the RAD51 recombinase forms nucleoprotein filaments on singlestranded DNA with the help of BRCA2 (1, 15) . Whereas RAD51 and BRCA2 IRIF could be detected 15 min post-irradiation in control cells, incubation at 41°C completely abrogated accumulation of both proteins at DSB sites ( Fig. 2 A and B) . Similarly, elevated temperature prevented formation of RAD51 IRIF at α-particle-and γ-ray-induced DSBs in mouse ES cells (Fig. S2B) . Moreover, incubation at 41°C abrogated accumulation of RAD51-GFP in V79 cells (16) at laser-induced DNA damage (Fig. S2C) . These results suggest that the formation of RAD51 nucleoprotein filaments, a pivotal step of HR (1) , is sensitive to a mild temperature elevation in all cell lines tested. This could be due to defects in RAD51 itself or in BRCA2, which is essential for the loading of RAD51 on the proper DNA substrate (17, 18) and the accumulation of RAD51 in IRIF (19, 20) .
To establish how these two proteins are affected by increased temperature, we analyzed cell extracts by immunoblotting. Incubating cells at 42.5°C had no detectable effect on RAD51 (Fig.  2C) or PALB2 (Fig. S3 ), but did result in considerable reduction of BRCA2 levels ( Fig. 2 C and D) . This reduction could be a result of proteasome-mediated degradation, because we detected no decrease of BRCA2 levels when cells were exposed to 42.5°C in the presence of proteasome inhibitor MG132 (21) (Fig. 2C) . The extent of BRCA2 degradation was dependent on the temperature used as well as on the duration of the exposure (Fig. S3) . The effects of temperature on BRCA2 levels were observed in multiple cell lines, including HeLa, U2OS, and human melanoma (BRO)-derived cells. Importantly, temperature-induced effects on HR proteins were not limited to cultured cells. They were also observed in cells from a fresh tumor biopsy of a cervix carcinoma, because preincubation at 41°C eliminated accumulation of RAD51 on α-particle-induced DSBs (Fig. 2E) . Taken together, these results suggest that a moderate (4-5.5°C) elevation of temperature above the physiological level interferes with HR, likely by inducing degradation of BRCA2, in human cells, tissues, and tumors.
HR-deficient cell lines and tumors, particularly those defective in BRCA2, are extremely sensitive to replication-dependent DSBs induced indirectly by PARP-1 inhibitors (22, 23) . Indeed, we observed a decrease in clonogenic survival of human U2OS (Fig. 3A) and rat R-1 (Fig. 3B ) cells incubated at 41°C in the presence of the PARP-1 inhibitor NU1025 (24) compared to cells subjected to 41°C alone. A similar temperature-mediated sensitization was observed with another PARP-1 inhibitor, PJ-34 (Fig. 3C) . To confirm that hyperthermia sensitizes cells to decreased PARP-1 activity, we analyzed HeLa and BRO cells in which PARP-1 was down-regulated by siRNA. In line with previous results, incubation at an elevated temperature resulted in diminished survival of these cells (Fig. 3 D and E) .
BRCA2 is a known client protein of HSP90 and the HSP90 inhibitor 17-DMAG moderately reduces BRCA2 levels (25, 26) . Incubation of cells at elevated temperature in the presence of 17-DMAG resulted in a significant further reduction of BRCA2 level in BRO cells (Fig. 4A ). More importantly, whereas treatment of cells with 17-DMAG at 37°C did not reduce HR efficiency, incubation of cells with 17-DMAG at 41°C resulted in a further reduction of HR compared with elevated temperature alone (Figs. 1C and 4B ). Furthermore, 17-DMAG significantly prolonged the inhibitory effect of elevated temperature on the accumulation of RAD51 on DSBs in U2OS cells (Fig. S4) . These results indicate that a combination of elevated temperature and 17-DMAG is a powerful tool to enhance heat-mediated degradation of BRCA2 and inhibition of HR. Notably, 17-DMAG dramatically enhanced the cytotoxic effects of PARP-1 inhibition in heated cells. The clonogenic survival of rat R-1 cells incubated at 41°C was reduced ∼50-fold when they were treated in the presence of NU1025 and 17-DMAG (Fig. 4C) . Additionally, HR deficiency induced by elevated temperature applied in the presence of 17-DMAG increased radiation sensitivity of HeLa cells by 7-to 10-fold compared with no treatment and by 3-to 4-fold compared with heat treatment alone (Fig. 4D) .
To test whether increased temperature sensitizes tumors to PARP-1 inhibition and reduces tumor outgrowth in vivo, we 3 . Animals were injected with 5 mg/kg PJ-34 and, while under anesthesia, the temperature in the tumor bearing legs was raised to 42°C for 1 h. The localized temperature increase and systemic PJ-34 PARP inhibitor by themselves did not significantly influence tumor growth; however, their combination resulted in a significant decline in tumor outgrowth (Fig. 4E) . To demonstrate the universality of our strategy, we used an unrelated rat tumor model (27) and a different PARP-1 inhibitor. We also tested in vivo antitumor activity of a trimodality treatment including heat, PARP-1 inhibition, and 17-DMAG. Fragments of R-1 cell-derived rhabdomyosarcoma tumors were implanted into hind limbs of rats. When the tumors attained a volume of 100-400 mm 3 , animals were divided randomly into groups and treated with 50 mg/kg of the PARP-1 inhibitor Olaparib (AZD2281) and/or 10 mg/kg of 17-DMAG. The tumor-bearing hind limbs were heated for 1.5 h at 42°C. The tumors in the sham-treated group and in groups treated with either single agent showed typical exponential growth kinetics (Fig. 4F) . The combination of heat and Olaparib, a PARP-1 inhibitor currently undergoing clinical trials (28), significantly (P < 0.001) inhibited outgrowth of the tumors. In addition, a relative reduction in tumor outgrowth was observed in animals treated with heat and 17-DMAG. Importantly, tumor outgrowth was completely halted when animals were subjected to trimodality therapy combining heat, 17-DMAG, and Olaparib (Fig. 4F) . The treatments also delayed the time when animals had to be killed due to excessive tumor volume (>3,500 mm 3 ). Compared with the separate single-agent treatments, the combination of heat with Olaparib or 17-DMAG considerably increased the number of surviving rats. Moreover, the trimodal therapy resulted in such an effective tumor growth control that all animals survived the course of the treatments (Fig. 4G ).
Discussion
The results presented here indicate that elevated temperature at a clinically achievable range (41-42.5°C) inhibits HR and also leads to degradation of BRCA2. Our results do not prove that degradation of BRCA2 is the sole or even most important effect of heat on DNA repair or on other cellular processes relevant for cell killing. In fact, multiple hyperthermia targets have been described (29) (30) (31) (32) (33) (34) . They do demonstrate, however, that hyperthermia can be a powerful, noninvasive tool to locally introduce BRCA2 degradation and HR deficiency. This induced synthetic lethality renders innately HR-proficient tumor cells highly sensitive to PARP-1 inhibitors. Our results might have direct clinical relevance, because recent trials demonstrated that both HSP90 and PARP-1 inhibitors are generally well tolerated (35, 36) . Moreover, because our approach is not based on genetic deficiency, as is the case in hereditary BRCA2-deficient tumors, it is not likely that a previously described mechanism of resistance to the inhibitor will be relevant (37, 38) . Our results could provide a rational basis for development of therapies for a wide range of tumors, exploiting local, on-demand induction of HR deficiency in combination with PARP-1 inhibitors, ionizing radiation, or other DSB-inducing chemotherapeutic agents.
Materials and Methods
Cell Culture. ES cells were cultured on gelatin-coated dishes in a 1:1 mixture of DMEM and buffalo rat liver-conditioned medium, supplemented with 10% FBS (HyClone), 0.1 mM nonessential amino acids (Biowhittaker), 50 mM β-mercaptoethanol (Sigma), and 500 U mL −1 leukemia inhibitory factor. EUFA1341). Cells were maintained at 37°C in an atmosphere containing 5% (HeLa, BRO, MRC5, EUFA1341), 10% (U2OS, cervix carcinoma cells), 2% (R-1, RKO), or 0% (SW-1573) CO 2 . For the experiments, cell lines were exposed to increased temperature in the range of 41-42.5°C. In this range, only the magnitude rather than the nature of all described cellular responses depended on temperature and duration of treatment. Patients with squamous cell carcinoma of the cervix expressed written informed consent to provide fresh biopsies during an investigation under general anesthesia and for its use of the tumor specimens in this study. The biopsies were minced using a scalpel and were then incubated in Liberase Blendzyme enzyme mixture (Roche) in DMEM for 60 min at 37°C and plated on glass coverslips in fresh culture medium. Incubations at elevated temperatures were performed in a heated waterbath or in an incubator set to the required temperature in an atmosphere containing an appropriate CO 2 concentration. anti-MRE11 (42), goat anti-mouse Cy3 (115-165-166), and goat anti-rabbit-FITC (111-095-144) (Jackson Immunoresearch).
Chemical Agents. Gene Targeting Efficiency and Sister-Chromatid Exchange Assays. The gene targeting assay has been described previously (9, 45) . Cells were incubated at elevated temperature from 2 h before transfection until 5 h post transfection. 17-DMAG was added 4 h before the heat treatment and removed 5 h after transfection. The sister-chromatid exchange assay was performed as previously published (46) .
Irradiation. Unless stated otherwise, cells were irradiated directly after incubation at elevated temperature by γ-rays from a cesium source ( 137 Cs, 0.70 Gy/min) or by α-particles as previously described (15) . Cells from the cervix carcinoma biopsies were irradiated for 1 min with α-particles by placing coverslips with cells upside-down on a 1.8-μm-thick polyester membrane and irradiating from below, through the membrane.
Laser Microirradiation and Time-Lapse Microscopy. Cells were cultured on glass coverslips for 24 h, then the medium was changed to CO 2 -independent medium, and cells were incubated at 41°C or 37°C for 1 h and subsequently placed under a Leica SP2 confocal microscope equipped with heated stage. Cells were then microirradiated with 365-nm line of Innova II argon laser (Coherent) in predefined areas of nuclei. Next, the cells were imaged for the required period. At least 10 cells were analyzed for each condition tested.
Image Acquisition and Processing. Unless stated otherwise, 3-D images of immunofluorescently stained cells were acquired using a DMRA fluorescence microscope (Leica) with cooled CCD camera (Apogee), deconvolved using Huygens software (SVI), and processed using Photoshop CS3 (Adobe Systems). Wide-field images represent maximum intensity projections of the respective 3-D images, whereas images and movies acquired using confocal microscope represent one confocal slice. Accumulation of RAD51-GFP and EGFP-KU80 at the areas exposed to UVA light was analyzed by measuring the mean intensity of the GFP signal in the selected areas using ImageJ.
Xenograft Studies. The BRO melanoma tumor model. Three million BRO cells were s.c. injected in nude mice (nu/nu). BRO cells grew in ∼3 wk into bulk tumors of 300 mm 3 . Tumor pieces of 1-5 mm 3 were excised and subsequently implanted in the thigh of a cohort of nude (nu/nu) mice. The implanted tumors were grown to 20-100 mm 3 and subsequently mock treated or exposed to 1 h 42°C under anesthesia (isoflurane) either in the absence of presence of 5 mg/kg PARP inhibitor PJ-34, which was injected 24 and 1 h before heat treatment. Treatments were repeated three times at the days indicated in Figure 4D . Tumor size was measured using a vernier caliper 3 times/wk for a period of 3 wk. Statistical analysis was carried out by applying LN transformation and the effect of the different treatments on tumor growth was subsequently evaluated by ANCOVA linear regression analysis (Bonferonni correction). R-1 rhabdomyosarcoma tumor model. Female WAG/Rij rats weighing 140-180 g were used. The transplantable, low-immunogenic R-1 rhabdomyosarcoma model was used as previously described (27) . Briefly, ∼3 × 10 6 R-1 cells were s.c.injected in the flank of a rat. After 3 wk, the tumors reached the volume of ∼3,000 mm 3 , at which point they were surgically removed, cut into 1-mm 3 pieces, and implanted s.c. in the hind limbs of a cohort of 64 animals. After 18 d, when the implanted tumors reached volumes in the range of 100-400 mm 3 , animals were randomly assigned to the indicated treatment groups and the treatments were initiated. Olaparib was dissolved in solution of 10% 2-hydroxy-propyl-β-cyclodextrin and 10% DMSO in PBS and administered p.o. at the dosage of 50 mg/kg 16 and 2 h before the heating. 17-DMAG was dissolved in PBS and administered i.p. at the dose of 10 mg/kg 2 h before heat treatment. The hind limbs bearing tumors were heated for 1.5 h by submersion in a waterbath at 42.7°C, resulting in an intratumor temperature of 42°C. The animals were cooled, which prevented an increase of the core body temperature. The animals were anesthetized with a mixture of 2.5% isoflurane in oxygen during all treatments. Tumor volume was measured using a Vernier caliper. Treatments were performed on days indicated in Figure 4E . Statistical analysis of tumor growth was performed as described before (47) . Animals were killed when the tumor volume exceeded 3,500 mm 3 .
